INTRODUCTION
The effect of neurotransmitters on diacylglycerol production was thought to be the result of the activation of a phospholipase C that hydrolyses inositol-containing phospholipids. However, recent research indicates that the pathways of neurotransmitterstimulated phospholipid metabolism are more complex and that diacylglycerol can be derived from phosphatidylcholine in addition to phosphatidylinositol (Hughes et al., 1984; Bocckino et al., 1985; Ragab-Thomas et al., 1987; Rosoffet al., 1988; Pessin and Raben, 1989; Horwitz, 1990) . The hydrolysis of phosphatidylcholine can be mediated by two enzymes, phospholipase C and/or phospholipase D. The action of phospholipase C would result in the formation of diacylglycerol directly (Besterman et al., 1986) . The action of phospholipase D would result in the formation of phosphatidic acid and choline (Witter and Kanfer, 1985) ; the hydrolysis of phosphatidic acid by phosphatases would then lead to the subsequent production of diacylglycerol. An early increase in phosphatidic acid and a delayed increase in diacylglycerol production are consistent with the early activation of phospholipase D (Bocckino et al., 1987; Horwitz, 1991) .
Phosphatidic acid and choline are labile intermediates that can be formed by several different pathways, and as such are not the best indicators of phospholipase D activity. Phospholipase D has the unique property of catalysing the transfer of phosphatidyl groups to various acceptors. In the presence of an alcohol, this transphosphatidylation produces phosphatidylalcohol (Kobayashi and Kanfer, 1987) . The production of phosphatidylalcohol is considered to be a good indication of phospholipase D activity. Investigations from many laboratories, including our own, indicate that neurotransmitters and hormones can cause a rapid increase in phosphatidylalcohol, reflecting an activation of phospholipase D (Exton, 1990 ; Billah and Anthes, 1990 ; Shukla and Halenda, 1991) .
In composition of phosphatidylcholine differs significantly from that of the other three major phospholipids (Traynor et al., 1982) . Previous results from this laboratory indicate that the fatty acid composition of bradykinin-stimulated phosphatidylethanol closely resembles the fatty acid composition of phosphatidylcholine (Horwitz, 1991) . These data suggest that phospholipase D in the intact cell specifically hydrolyses phosphatidylcholine. These results have been confirmed by fast-atom-bombardment mass spectrometry analysis of phospholipid species (Holbrook et al., 1992) . In vitro assays also suggest that membrane-bound phospholipase D from neuronal tissues is specific for phosphatidylcholine (Kobayashi and Kanfer, 1987; Wang et al., 1991; Mohn et al., 1992 
EXPERIMENTAL Isolation of microsomal membranes
Crude microsomal membranes were isolated from whole rat brain. Brains were homogenized in 10 vol. of cold 0.32 M sucrose * To whom correspondence should be addressed. containing 1 mM EGTA. The crude homogenate was centrifuged for 10 min at 1000 g. The supernatant was then centrifuged for 30 min at 20000g. Finally, the microsomal membranes were pelleted by centrifugation at 100000 g for 60 min. The pellet was then washed with 0.32 M sucrose. The membranes were resuspended at a concentration of 2 mg of protein/ml and stored at -80°C until use.
Assay of phospholipase D activity
The assay conditions were adapted from the method of Kobayashi and Kanfer (1987) . The phospholipid substrate obtained commercially was dried down under a stream of nitrogen and then resuspended in 36 mM sodium oleate in 5 mM /-dimethylglutaric acid, pH 6.5. This suspension was allowed to sit for 60 min at room temperature. Vesicle formation was induced by sonicating in a small bath sonicator at 20 s intervals for 10 min. At alternating intervals the tube was put on ice. Unless indicated otherwise, the assay conditions were: 2 mM phospholipid, 50 mM /3-dimethylglutaric acid, pH 6.5, 10 mM EDTA, 6 mM sodium oleate, 5 1sCi of [3H]butanol or [3H]ethanol (15 Ci/ mmol; American Radiolabeled Chemical) and 100-200 ,tg of crude membrane protein in a final volume of 120 1l. Blanks contained 0.32 M sucrose rather than membranes. Incubations were carried out for 60 min at 30 'C. The reactions were stopped by adding 3 ml of ice-cold chloroform/methanol (1:2, v/v) and 0.7 ml of 1 % perchloric acid. The mixture was vortexed for 1 min. The phases were separated by the addition of 1 ml of 1 % perchloric acid and 1 ml of chloroform. After vortexing, the tubes were centrifuged and the upper phase was aspirated. The lower phase was then washed twice with 2 ml of 1 % perchloric acid. An aliquot of 500 ,ul was removed and dried down for t.l.c.
In one experiment the substrate was L-a-dipalmitoyl-[2-palmitoyl-9,10-3H(n)]phosphatidylcholine (specific radioactivity 2 mCi/mmol) prepared in the following way. Egg yolk phosphatidylcholine and [3H]phosphatidylcholine were dried together in a glass tube under a stream of nitrogen and resuspended in 36 mM sodium oleate. Unlabelled butanol at a concentration of 100 mM was then added as an acceptor.
T.l.c. was routinely carried out according to Liscovitch (1989) .
Whatman LK6 plates were dipped in 1.3 % potassium oxalate made up in methanol/water (2:3, v/v) and allowed to dry at room temperature. Just before use, the plates were activated by heating at 115 'C for 1 h. The mobile phase was the upper layer of a mixture of ethylacetate/iso-octane/acetic acid/water (13:2:3: 10, by vol.). The t.l.c. scrapings were counted for radioactivity by scintillation spectrometry. The commercially obtained phospholipids were separated by a two-step single-dimension chromatography system on h.p.l.c. plates (Takamura et al., 1987) . They were then visualized by charring with a CuSO4 solution (Banerjee et al., 1990) . All the phospholipids were found to be pure. Figure 1 shows the detergent-dependence of phospholipase D activity using phosphatidylcholine as a substrate. With 100 mg of protein per assay the optimal concentration of sodium oleate was 4-6 mM. The amount of detergent required is dependent on the amount of protein and the substrate concentration (Kobayashi and Kanfer, 1987 Kobayashi and Kanfer (1987) . This is probably due to the fact that the actual concentration of unlabelled alcohol in the assay was low, of the order of 2.8 ,uM for butanol and 1.9 ,sM for ethanol.
It has been suggested that longer-chain alcohols inhibit phospholipase D activity (Chalifa et al., 1990 Figure 2 . The detergent concentration was altered so that the detergent/phospholipid ratio was maintained at 3. The approximate EC50 for added phosphatidylcholine was 0.4 mM. Maximal levels of activity were obtained at a concentration of 1 mM. There was some phosphatidylbutanol production in the absence of added phosphatidylcholine. This suggested that endogenous phospholipids may be acting as substrates for phospholipase D. We examined this issue further by measuring phospholipase D activity as a function of protein concentration (Figure 3 ). In the absence of exogenous phosphatidylcholine, phosphatidylbutanol production increased as a function of protein concentration. This is consistent with the idea that endogenous phospholipids are able to be hydrolysed. In the presence of phosphatidylcholine, phosphatidylbutanol production was linear from 100 to 300 jug of protein. At (Horwitz, 1991) . Thus the cytosolic enzyme described by Wang et al. (1991) does not appear to play a role in mediating the effects of bradykinin on phosphatidylethanol production in the intact cell. Recently, Llahi and Fain (1992) have examined noradrenalinestimulated phosphatidylethanol production in brain slices whose phospholipids have been prelabelled with [32P]p1. Since [32P]p. was incorporated into all the phospholipids, they could all have potentially served as substrates. However, in these studies the decrease in the label in any particular phospholipid was too small to detect. The specificity of neurotransmitter-activated phospholipase D in brain slices will require further investigation.
In animal tissues, phosphatidylcholine can be synthesized by two different pathways. In one pathway the enzyme phosphocholine transferase converts CDP-choline plus diacylglycerol to phosphatidylcholine plus CMP. The other pathway involves the direct methylation of the amino group of phosphatidylethanolamine with S-adenosylmethionine as the methyl donor. The intermediates formed upon subsequent methylations are phosphatidyl-N-methylethanolamine and phosphatidyl-Ndimethylethanolamine. The experiment shown in Table 2 was designed to identify the point at which these phospholipids become good substrates for phospholipase D. In order to exclude the possible influence of fatty acid composition, this experiment was carried out with phospholipids that contain palmitic acid in both the 1 and 2 positions. There was a small but significant activity against phosphatidylethanolamine. Phosphatidyl-Nmethylethanolamine appears to be a good substrate for phospholipase D. Apparently, the addition of one methyl group converts phosphatidylethanolamine into a good substrate; the specificity for the choline headgroup is, therefore, not absolute.
The physiological significance of the fact that phospholipase D hydrolyses phosphatidyl-N-monomethylethanolamine is not clear. The specific activities of the methyltransferases from brain are much lower than those from rat liver (Vance and Ridgway, 1988) . In addition, Percey et al. (1982) have estimated, based on the specific activities of choline phosphotransferase and phosphatidylethanolamine methyltransferase in brain, that 1 % of brain phosphatidylcholine is synthesized by the methylation pathway. Thus the actual levels of this metabolite must be quite low. On the other hand, several neurotransmitters, including ,-adrenergic receptor agonists, histamine and dopamine, have been shown to stimulate methylation in neuronal tissue (Leprohon et al., 1983; Ozawa and Segawa, 1988; Andriamampandry et al., 1991) . This methylation is thought to occur via two methylase enzymes, one present on the cytoplasmic side which catalyses the first methylation and the other present on the outside of the cell which catalyses the second and third methylations leading to the formation of phosphatidylcholine (Hirata et al., 1978; Crews et al., 1980) . Thus the phosphatidyl-N-methylethanolamine that is formed upon stimulation would be present on the cytoplasmic side and, therefore, susceptible to hydrolysis by phospholipase D.
It is apparent that the main substrate for phospholipase D is phosphatidylcholine; however, there is also a relatively small activity against phosphatidylethanolamine and phosphatidylserine. Phosphatidylcholine constitutes 30-50 % of total cellular phospholipids. Phosphatidylethanolamine is also a major phospholipid, constituting 15-250% of cellular phospholipids, i.e. about half of the phosphatidylcholine content. However, if phosphatidylcholine is on the outer leaflet of the membrane as has been suggested, there may be some cellular compartments in which there is more phosphatidylethanolamine than phosphatidylcholine (Op den Kamp, 1979) . Phosphatidylethanolamine, by being a poor substrate for phospholipase D, could inhibit the hydrolysis of phosphatidylcholine. Table 3 shows that at the maximal concentration of phosphatidylcholine, 2 mM, the combined addition of phosphatidylethanolamine actually inhibited phosphatidylbutanol production. These data suggest the possibility that phosphatidylcholine hydrolysis may be attenuated in some lipid environments depending on the phospholipid composition. A similar type of lipid interaction has been reported for phosphoinositide-specific phospholipase C. Phosphatidylinositol hydrolysis in small unilamellar vesicles was inhibited by phosphatidylcholine (Hofmann and Majerus, 1982) . In PC12 cells, the addition of ethanol alone does not lead to an increase in phosphatidylethanol production (Horwitz, 1991) . This suggests that basal phospholipase D activity may be attenuated, and a possible cause of this is the particular composition of phospholipids on the cytoplasmic side of the membrane.
The conclusion that phospholipase D is specific for phosphatidylcholine in intact tissue is based primarily on the fatty acid composition of phosphatidylethanol. If phospholipase D is specific for phospholipids of a particular fatty acid composition rather than a particular headgroup, this would not be apparent Table 3 Additivity of phospholipase D activity against phosphatidylcholine and phosphatidylethanolamine in microsomal membranes Dipalmitoyl-phosphatidylcholine (final concentration 2 mM) and/or phosphatidylethanolamine (final concentration 1 mM) were dried down under a stream of nitrogen and resuspended in 36 mM sodium oleate that had been warmed to 55°C. Phospholipids were sonicated in this warm solution and maintained at this temperature until they were added to the assay. The final sodium oleate concentration was 6 mM. All other assay conditions were as described in the some molecular species of phosphatidylcholine that contain arachidonic acid in this position. These species as a proportion of the total phosphatidylcholine in the cell may be small; however, the absolute amount may be large compared with that in phosphatidylinositol. By the same reasoning, phosphatidylcholine contains a high proportion of oleic acid in the 2-position, but there are also some minor species of phosphatidylinositol that contain this fatty acid. Phosphatidylcholine with arachidonic acid in the 2-position is not a good substrate for phospholipase D compared with when oleic acid is in the 2-position (Table 4) . These results are consistent with those of Mohn et al. (1992) . Bagaut et al. (1985) have shown that an alkyl substitution at the 2-position of phosphatidylcholine affects its ability to act as a substrate for cabbage phospholipase D. The fatty acid in the 2-position may affect the ability of phospholipase D to interact with the headgroup. We cannot exclude the possibility that the different fatty acid compositions affect vesicle architecture. The decrease in activity of phospholipase D when arachidonic acid is in the 2-position might provide a basis for the lack of activity of this enzyme against phosphatidylinositol. We examined this issue further by measuring the ability of phosphatidylinositols of different fatty acid compositions to act as a substrate for phospholip3se D. Phosphatidylinositol from soybean contains a high level of Aleic acid, while that isolated from liver contains a high level of arachidonic acid (Myher and Kuksis, 1984) . There was no difference in phospholipase D activities when these lipids were added to the assay as substrates (control, 0.06 + 0.02; soybean, 0.33 + 0.05; liver, 0.29 + 0.08 pmol/mg of protein). Thus the specificity of phospholipase D is determined primarily by the headgroup.
The results presented here confirm and expand upon the previous reports of the specificity of neuronal phospholipase D. The specificity of phospholipase D for phosphatidylcholine is determined by the headgroup; fatty acid composition does not play a role. In addition, the phospholipid environment may also influence the rate of hydrolysis. The production of phosphatidyl[3H]butanol from an exogenous phospholipid substrate appears to be a reliable and versatile assay for phospholipase D activity. This assay should prove to be useful in other applications, such as purification of the enzyme. from simply examining the fatty acid composition of the product. The experiment shown in Table 4 was designed to investigate this issue. The two most abundant fatty acids in position 1 of phospholipids are palmitic and stearic acids (Pessin et al., 1991) . Phosphatidylcholine contains more palmitic than stearic acid, whereas the other phospholipids contain more stearic than palmitic acid. These two fatty acids were used to dual-label PC12 cells (Horwitz, 1991) . In those experiments, the cells were incubated with [3H]palmitic acid and ['4C]stearic acid. Bradykininstimulated phosphatidylethanol in PC12 cells contained a palmitic acid/stearic acid ratio that was comparable with that in phosphatidylcholine. Since phosphatidylethanol is a specific product ofphospholipase D activity, this suggested that phospholipase D was specific for phosphatidylcholine. The experiment shown in Table 4 suggests that this result is not due to a preference of phospholipase D for phospholipids containing palmitic acid. Rather, the specificity is determined by the headgroup.
Although phosphatidylinositol is known to contain a high proportion of arachidonic acid in the 2-position, there are also
